Intranasal instillation of vesicular stomatitis virus (VSV) into mice given controllable stress (modeled by escapable foot shock, ES) resulted in enhanced pathogenicity and decreased survival relative to infected mice given uncontrollable stress (modeled by inescapable foot shock, IS) and non-shocked control mice. Survival likely reflected differential cytokine gene expression that may have been regulated by miR146a, a predicted stress-responsive upstream regulator. Controllability also enhanced the accumulation of brain T resident memory cells that persisted long after viral clearance. The unexpected facilitatory effect of ES on antiviral neuroimmune responses and pathogenicity may arise from differential immunoactivating and immunosuppressive effects of uncontrollable and controllable stress.
A R T I C L E I N F O

Keywords:
Vesicular stomatitis virus Neuroinflammation Stressor controllability Cytokine MicroRNA Innate immunity A B S T R A C T Intranasal instillation of vesicular stomatitis virus (VSV) into mice given controllable stress (modeled by escapable foot shock, ES) resulted in enhanced pathogenicity and decreased survival relative to infected mice given uncontrollable stress (modeled by inescapable foot shock, IS) and non-shocked control mice. Survival likely reflected differential cytokine gene expression that may have been regulated by miR146a, a predicted stress-responsive upstream regulator. Controllability also enhanced the accumulation of brain T resident memory cells that persisted long after viral clearance. The unexpected facilitatory effect of ES on antiviral neuroimmune responses and pathogenicity may arise from differential immunoactivating and immunosuppressive effects of uncontrollable and controllable stress.
Introduction
Stress-related immune dysregulation is increasingly being linked to a variety of health risks (especially those associated with negative emotions (Kiecolt-Glaser et al., 2002; Nakata, 2012) ), and to increased neuroinflammation (Angelidou et al., 2012; Garate et al., 2013) and neural pathogenesis (Barnum et al., 2012; Frischer et al., 2009; Garate et al., 2014; Karagkouni et al., 2013; Zhao et al., 2011) . However, a significant issue in assessing the potential effects of stress on illness is that the effects of stress are complex and are not predictable based on simply experiencing a stressful event or the elicitation of a stress response. That is, even though stress can have a significant, negative impact on health (Adamac and Shallow, 1993; Pynoos et al., 1996; Shalev, 2000; Van den Berg et al., 1998; Van Dijken et al., 1992) , stressors are most often encountered without producing persisting or pathological changes. The outcomes of stress can vary with the characteristics of the stressful event including its controllability (Bolstad and Zinbarg, 1997; Foa et al., 1992) , predictability (Abbott et al., 1984; Adell et al., 1988) , duration, and intensity (Buydens-Branchey et al., 1990; Natelson, 2004 ). An individual's relative resilience and vulnerability is also important (Yehuda et al., 2006) .
There are limited data suggesting that stressor controllability can differentially impact the immune system with consequences for health. For example, uncontrollable tail-shock stress in mice increased allergen-induced lung inflammation and histopathological changes whereas inflammation and lung pathology were significantly attenuated in mice that could control tail-shock (Deshmukh et al., 2010) . There is also evidence that stress-induced suppression of the immune response can facilitate infection, e.g., restraint stress can increase the pathogenicity of herpes simplex virus type 1 (Ashcraft and Bonneau, 2008; Bowman et al., 1987) . How stressor control influences the immune system and ultimately host resistance remains poorly defined though there are indications that the ability of stress to have immunoactivating and immunosuppressive effects may have differential consequences for health.
We have been using a simple animal model based on training with escapable shock (ES) and yoked inescapable shock (IS) to model controllable and uncontrollable stress, respectively (Liu et al., 2003; Sanford et al., 2003a; Sanford et al., 2003b; Tang et al., 2005) . In this model, animals receive virtually identical amounts of footshock. We have found that training with ES and IS produce significant differences in several behavioral and neurobiological responses despite virtually identical stress responses (increases in corticosterone (an index of HPA activation) and stress-induced hyperthermia (an increase in core body temperature that parallels the time course of corticosterone (Groenink et al., 1994; Veening et al., 2004) )) and fear responses (behavioral freezing, an index of stress-related learning and memory (Blanchard and Blanchard, 1969) ). The differences include directionally different
